The 9 Li-n interaction is discussed based on the idea of the Pauli blocking for the J π = 0 + neutron pairing correlation in the 9 Li core due to the presence of the last valence neutron. The present studies are developed in a framework of the microscopic coupled-channel model for
9 Li(gr.) + n. 11) Although the ground state energy is still not well understood experimentally, several candidates for the 10 Li ground state energy have been reported in the region of 0 MeV ≤ E < 1.0 MeV above the 9 Li + n threshold. 12) -16), 4) Experimental information regarding 10 Li resonances was limited to that gained from a single result until the 1980's. 12) This was an observation of the resonance at 0.8 MeV with a width of about 1 MeV. This resonance has been understood to come from the p 1/2 orbit of the last neutron. At the beginning of the 1990's, Amelin et al. 13) reported the observation of a peak at 0.15 MeV in π − capture in 11 Be, which was interpreted as the ground state of 10 Li being analogous to 10 Be (T = 2, J = 2 − ) with a (0s) 4 (0p) 5 (1s0d) 2 configuration. However, the existence of the barely-bound sd-orbital valence neutron states has not yet been confirmed, although several experiments have been reported. 14), 15) On the other hand, with regard to the p 1/2 -orbital states, Bohlen et al. 16) observed new data, including an additional resonance at 0.42 MeV, in addition to the old data at 0.8 MeV, which were observed by many-nucleon transfer reactions of ( 13 C, 12 N) and ( 14 C, 17 F).
We studied the interaction between a neutron and 9 Li in the framework of a microscopic two-body model, assuming the (0p 3/2 ) 4 -closed neutron configuration and the single 0p 3/2 -proton configuration for the 9 Li-core nucleus. 17) It was shown that the low-lying 1 + and 2 + doublet resonances observed by Bohlen et al. 16) could be understood as p 1/2 -neutron orbital states coupled with the J π = 3/2 − 9 Li core. The resonance energies calculated using a 9 Li-n folding potential obtained from the effective N -N interaction (modified Hasegawa-Nagata force (MHN) 18) ) are 0.42 MeV (J π = 1 + ) and 0.86 MeV (J π = 2 + ), which are in good agreement with the experiments, but their decay widths are obtained to be 2-3 times larger than the observed ones.
Applying the obtained 9 Li-n interaction to the microscopic 9 Li + n + n model, 19) we calculated the binding energy of 11 Li. 20), 10) The underbinding was improved slightly from the previous calculations 19), 9) because the 9 Li-n interaction was strengthened to fit the new data (0.42 MeV) 16) of the ground resonance state of 10 Li. However, the result was still too small for the observation by about 1 MeV. We argued that this difficulty is caused by the simple assumption that the 9 Li-core nucleus is described by a single configuration of the neutron p 3/2 -closed shell.
In connection to the binding problem of the 11 Li ground state, there is an experimentally important problem of whether the s 1/2 -orbital state in 10 Li exists or not in the low energy region. 4), 13) - 15) If 1s-and 0d-orbits exist in the low energy region around the 0p-orbital states, the J π = 0 + pair excitation could easily occur, since the matrix elements of the pairing interaction are sufficiently large for two neutrons to rise from 0p-to sd-orbits. Therefore, the energy gain from the pairing correlation is expected to be responsible for solving the binding energy problem of 11 Li. However, it is not necessarily clear from the side of experiments where the s 1/2 -orbital states do exist. Furthermore, there is no known theoretical reasoning why 1s-and 0d-orbits come down at low energies in 10 Li. Nevertheless, many discussions have been made under the assumption of the probable existence of such 1s-orbits in order to obtain an understanding of the phenomena related to the 11 Li nucleus.
Sagawa, Brown and Esbensen 21), 22) discussed the idea that Pauli blocking of the pairing correlation and the quadrupole excitation play equally important roles in causing the parity inversion in 11 Be based on the shell model analysis. They also showed that Pauli blocking imparts an appreciable effect on the spectra of the N = 7 nuclei. In this paper, we develop similar considerations of Pauli blocking for the problem of the interaction between the 9 Li-core nucleus and the last neutron. Since the quadrupole moment of the 9 Li nucleus is on the order of the single particle value, in contrast to the large value in the case of 10 Be, the quadrupole excitation is thought to play a minor role in the nuclear system of 10 Li. Therefore, we shall single out the effect of Pauli blocking for the study on the p 1/2 -orbital resonance state in 10 Li.
The main purpose of this paper is to give a theoretical reason explaining why the positive parity states come near the low-lying negative parity states in 10 Li through the study of the 9 Li-n interaction by taking into account the Pauli-blocking effect. For this purpose, we use a microscopic coupled-channel formalism where the 9 Li-core states are expressed as a superposition of [j 2 ] J=0 + configurations, for example, the 9 Li ground state is able to have the leading configurations of
In an isolated system of 9 Li, a large energy gain is obtained as the result of coupling between these configurations that is realized in the system of 10 Li in the asymptotic region of 9 Li + n. However, when the last neutron occupies the p 1/2 orbit in the 10 Li system, the latter configurational state is diminished by the Pauli-exclusion principle. Thus, the pairing coupling among [j 2 ] J=0 + configurations is broken in the interaction region of the 10 Li (= 9 Li + n) system. The microscopic coupled-channel formalism presented here can describe the above-mentioned dynamical behavior of the 10 Li system. As a result of these effects, the levels of the p 1/2 -orbital states will be shown to rise, roughly speaking, by an amount equal to the energy loss of the pairing correlation. Therefore, we can expect the positive-parity state to be close to the low-lying negative-parity states in 10 Li.
In the next section, we explain the microscopic coupled-channel formalism of 9 Li + n for 10 Li. The numerical results are shown in §3. The interaction between the 9 Li-core nucleus and neutrons is discussed in detail in §4. The summary and concluding remarks are given in §5. §2. A microscopic coupled-channel model for 10 
Li
We formulate a simple microscopic coupled-channel model of 9 Li + n for 10 Li. In the asymptotic region between 9 Li and a neutron, the 9 Li-core part is described by the wave function of the 9 Li ground state in an isolated system. The dominant configuration of the 9 Li ground state is considered to be the p 3/2 -neutron sub-closed shell, (0p 3/2 ) 4 ν , which has been assumed in many studies of 10 Li = 9 Li + n and 11 Li = 9 Li + n + n performed so far. 9), 10), 17), 19) However, such a simple assumption of the sub-closed shell might necessarily be invalid due to the residual interaction providing deformation and/or pairing correlations. In fact the shell model calculation for 9 Li predicts a strong mixing with the (0p 3/2 ) 2 (0p 1/2 ) 2 configuration. 24) In the present model, we assume that the pairing interaction causes the configuration mixing in 9 Li.
To take into account the neutron pairing correlation in 9 Li, we describe the ground state wave function by a superposition of the following configurations with the seniority v = 1:
where
When a valence neutron approaches to the 9 Li-core nucleus in the 10 Li system, the 9 Li-core configuration must be changed due to both the interaction and the Pauli principle between 9 Li and the valence neutron. Especially, we should note that the p 1/2 -orbital valence neutron which has, in the short distant region, a large overlap with the occupied neutron orbit of 0p 1/2 in the case of the channel configuration Φ(c1), whose component is excluded by the Pauli principle. Therefore, when we consider the relative motion between 9 Li and a neutron, we must treat the dynamical change of the 9 Li-core configuration, which depends on the valence neutron orbit and also on the relative distance between them. The microscopic coupled-channel formalism is appropriate to deal with the abovementioned dynamics. The model wave function is given as
where A is the antisymmetrization between 9 Li and valence neutron, Φ(ci) is the configurational state defined by Eq. (2 . 2), and the channel amplitude χ i (r) is the valence neutron wave function which depends on the relative coordinate between 9 Li and valence neutron. Here, it should be noted that the last neutron does not disturb the 9 Li-core nucleus at a sufficiently large separation distance. Naturally, the wave function of (2 . 3) has the following asymptotic form:
The relative wave functions of the channel amplitudes (χ 0 , χ 1 , · · ·) are determined by considering the Schrödinger equation
where the Hamiltonian is given as a sum of the intrinsic part (H( 9 Li)) of 9 Li and the part (T n + V n ) of the relative motion of the last neutron with respect to the center of mass of 9 Li:
Multiplying both sides of the Schrödinger equation (2 . 5a) by Φ(ci) * , and integrating over the internal degree of freedom of 9 Li, we have the equations of the coupled-channel resonating group:
To solve these equations for the relative wave functions (χ 0 , χ 1 , · · ·), we introduce the approximations
. Then, the above equations of the coupled-channel resonating group method are written as
Here, we note that the potential V F goes to zero and the norm kernels N ij become δ ij at a large distance of r. Then, the asymptotic form of Eq. (2 . 9) is given by
Apart from the kinetic energy term T n , the matrix {h ij ( 9 Li)} properly gives the amplitudes (χ i = α i ; i = 0, 1, · · · ) of the wave function (Ψ gr ( 9 Li) in Eq. (2 . 1)) and the energy (E gr ( 9 Li)) of the 9 Li ground state by diagonalization of {h ij ( 9 Li)}. In other words, we must chose the matrix elements h ij ( 9 Li) so as to reproduce the properties of the ground state of 9 Li. Then, we subtract the ground state energy E gr ( 9 Li) from both sides of Eq. (2 . 9) and replace E on the right-hand side by E = E − E gr ( 9 Li) being the energy with respect to the threshold of 9 Li + n. Here, we should also note that the norm kernels N ij work as a kind of projection operators which eliminate the Pauli-forbidden states. In the present model, 0s 1/2 and 0p 3/2 states are forbidden; the relative wave function χ 0 cannot have these forbidden state components. For the cases of ci-channels (i = 0) with (n, = 0 or 1, j = 1/2)-orbital neutrons, we treat this (n j) orbit as a kind of the Pauli-forbidden state. In addition to the orbital states of 0s 1/2 and 0p 3/2 , 0p 1/2 is a kind of forbidden state in the c1 channel, because the 0p 1/2 -orbits are already occupied by the (0p 1/2 ) 2
pair in the 9 Li-core configuration of the c1 channel. In general, such a treatment is not correct, except for the j = 1/2 case, because the (n j)-orbital states for the case of j = 1/2 are not completely filled by the one pair occupation of (n j) 2 J 2 =0 . In the present model, we assume that the (n j = 1/2)-orbital valence neutron moves freely without any constrain by orthogonality to the 0s 1/2 and 0p 3/2 forbidden states for the following reasons: As for the p 3/2 valence neutron case, the (0p 3/2 ) orbit is partially forbidden, except for the c0 channel which has the closed (0p 3/2 ) 4 configuration. The corresponding allowed states are of the (0p 3/2 ) 3 ν (n j) 2 ν configuration for 9 Li + n, but this state represents the 1p-1h excitation for the p-shell neutron of the 9 Li core. However, we omit these kinds of (p-h) channels and adopt only the channels with the J π = 0 + pairing-type configurations, because the latter configurational states have been known to play an important role in the present problem. As for cases of the d 5/2 and other orbital neutrons, our assumption is justified for the reason that the channels with the (0d 5/2 ) 2 J 2 =0 and other pair configurations are minor components in describing the ground state of 9 Li.
We introduce the following projection operators for the valence neutron:
Furthermore, replacing the norm kernel in Eq. (2 . 9) by the above projection operators, we obtain the coupled-channel equation of the orthogonality condition model, 25) 12) where h ij = h ij − δ ij E gr and E = E − E gr as the matrix elements for every configuration of the 9 Li ground state are measured from the ground state energy. For the strength parameter λ, we chose a value large (for instance, λ ∼ 10 8 MeV) enough to separate the Pauli-forbidden states into an energy region far from the region under consideration. 26) As V F , we use the following folding-type potential with the central term and the density-derivative spin-orbit term in the manner discussed in Ref. 17):
Herel andŝ are the orbital angular momentum and spin operators of the valence neutron, respectively. The radial form f ls (r) of the l · s potential is approximated by the density-derivative form 19) of 9 Li, f ls (r) = dρ(r; 9 Li)/dr, where the density distribution ρ(r; 9 Li) is calculated by assuming the neutron closed configuration of
for the 9 Li-core with the size parameter b c :
(2 . 14)
The central part V c ( r) of the folding potential is given in operator form 27) as
where P σ (ij) and P τ (ij) are the spin and isospin exchange operator, respectively. (P σ (pn) in the folding potential V c ( r) is the spin exchange operator between a valence proton in 9 Li and a neutron outside 9 Li.) The quadrupole moment operator T 2 of the 9 Li-core is defined by
where ξ i (i = 1, 9) are the internal coordinates of 9 Li. The resultant quadrupole moment of 9 Li results from the single proton in the p-shell.
To solve the resonance states of the coupled-channel equations (2 . 12), we apply the complex scaling method. to Eq. (2 . 12), where θ is a scaling parameter taking real values satisfying 0 ≤ θ < π/4. According to the ABC-theorem, 29) we can obtain the resonance states, whose resonance energies E r and widths Γ are sovled as complex eigenvalues W = E r −iΓ/2 of the complex-scaled coupled-channel Schrödinger equation, in addition to bound state solutions corresponding to the negative real eigenvalue. By the complex scaling method, we can obtain solutions even with large resonance widths which are located in the fourth quadrant of the complex energy plane, but we cannot obtain the so-called anti-bound resonances (virtual resonances) corresponding to the S-matrix poles on the negative imaginary momentum axis in the complex momentum plane; the energies E a = k 2 ah 2 /(2µ) are negative, but the momenta are negative imaginary values k a = −iγ a (γ a > 0). As will be discussed latter, the s-wave neutron resonance is such a case. The characteristic property of the antibound resonances is that they become bound states when the attractive potential is increased slightly. In the present work, we identify the s-wave anti-bound resonances by using such a characteristic property. §3. Numerical results of coupled-channel calculations
Two-channel model
To easily see the Pauli-blocking effect of the p 1/2 -orbital valence neutron, we solve Eqs. (2 . 10) and (2 . 12) assuming two channels of the c0 and c1 configurations. Equation (2 . 10) in the asymptotic region gives the following solution for the 9 Li ground state:
By considering the strength of the pairing interaction and the · s-splitting between p 1/2 and p 3/2 , the matrix elements h ij ( 9 Li) (h 00 ( 9 Li) = 0 MeV) in Eq. (2 . 12) are taken as
(Here, we should note that G pair includes the statistical factor
configuration; α 2 0 = 75% and α 2 1 = 25%. Since the Cohen-Kurath shell model calculation of (0p 3/2 , 0p 1/2 ) 5 for 9 Li indicates G pair ≈ 5 MeV and a smaller value of ∆ , the admixture due to the pairing interaction is larger (27%-35%). Therefore, the pairing correlation may appear in a moderate manner in the present case. The energy gain due to the present pairing correlation is calculated to be E gr − h 00 = −3.25 MeV, which is appreciably large in view of the binding ability for the neutron resonance in 10 Li.
For calculations of the 9 Li-n folding potential V F , we use the Hasegawa-Nagata (HN) no. 1 and no. 2 28) and the modified Hasegawa-Nagata (MHN) 18) forces, where the strength v 0 2 of the second range term in these forces is tuned to the 1 + energy (0.42 MeV) of 10 Li by multiplying by (1+δ). The strength of the spin-orbit potential is fixed, as discussed in Ref. 17) , so that it reproduces the spin-orbit energy difference 3.23 MeV of (p 3/2 ) 4 (p 1/2 ) and (p 3/2 ) 3 (p 1/2 ) 2 states in 11 Be. For the harmonic oscillator size parameter of the 9 Li core, we use b c = 1.69 fm, as discussed in Ref. 19 ). The results obtained by solving the coupled-channel orthogonality condition model (Eq. (2 . 12)) are given for the NH no. 1 and MHN forces in Tables I(a) and (b), respectively. They are compared with those of the [ 9 Li] c0 + n single-channel calculation and also the experimental result of Bohlen el al. As for the results of HN no. 2, we only report here that they are very similar to those for the MHN force. The results for the energy spectra are exhibited in Fig. 1 for the HN no. 1 force case, which are also compared with the experimental results, 16) and the single-channel calculation result of the MHN force.
We obtain the 2 + state as a partner of the 1 + state with the same p 1/2 -orbital neutron at an energy slightly higher than that of the 1 + state. This result is consistent with the observation of Bohlen et al. 16) In the single-channel model, the MHN force fully explains the energy difference between the 1 + and 2 + states. However, when we treat the p 1/2 neutron in the coupled-channel model, there arises a kind of strong repulsive effect on these 1 + and 2 + states due to Pauli blocking for the c1 channel state, because the valence neutron in the forbidden p 1/2 -orbit breaks the pairing correlation in the 9 Li core and provides a large energy loss equal to the pairing energy (−3.25 MeV) estimated above. Therefore, to keep the energy of the 1 + state at 0.42 MeV, we must make the folding potential more attractive so as to recover the energy loss caused by blocking of the pairing correlation. This is done by increasing the values of δ. As seen in Table I , the strength of the second range in the effective nuclear forces is increased only by 3-4% in the single-channel model, but contrastingly by 15-25% in the coupled-channel model. These large enhancements of δ in the coupled-channel model imply that the repulsive effects on the p 1/2 neutron is very strong. The HN no. 1 and MHN forces strengthened in the coupledchannel model cause a large energy difference between the 1 + and 2 + states, which results from the spin coupling of the valence neutron with a p 3/2 proton in the 9 Li core. The MHN force has an odd component, while the HN no. 1 force does not. Therefore, the energy difference between the 1 + and 2 + states contributed from the odd force term in the MHN case is added to that in the HN no. 1 case. 17) This 1 + and 2 + energy difference in the single-channel model with the MHN force is in good agreement with experiment, but the coupled-channel calculation gives a difference which is too large. The main reason for this can be understood from the fact that the 9 Li-n folding potential in the coupled-channel model is strengthened much more than in the single-channel case. In the coupled-channel calculation, it is found that the energy difference between the 1 + and 2 + states is satisfactorily explained by the HN no. 1 force, although the MHN force predicts a comparitively large difference.
(We have not obtained a clear explanation for these results.) Next, we discuss the calculated results of the resonance width. Our remark here is that the coupled-channel model reduces the decay widths of the 1 + and 2 + states in comparison with the single-channel results, and thus the resultant decay widths agree nicely with the experimental results, as mentioned below. In the singlechannel model, both the HN no. 1 and MHN forces predict decay widths that are about twice as large as those observed in experiments. In a previous paper, 17) we argued that these decay widths in the single-channel calculation would be improved by taking into account the activation of the degree of freedom in the 9 Li core. The present coupled-channel calculation confirms this speculation. As shown in Table I , the decay width of the 1 + state is calculated to be 0.19 MeV and 0.166 MeV in the coupled-channel model for the HN no. 1 and the MHN force cases, respectively. The experimental value is 0.15 MeV. As for the 2 + state, the HN no. 1 force calculation is in satisfactory agreement with the observed resonance energy and also the decay width. The MHN force calculation predicts a large width of the 2 + state due to the resonance energy which is higher than that seen in experiments.
In the single-channel model, it has been shown that the s-orbital valence neutron has no bound and no resonance states. However, in the coupled-channel model using the HN no. 1 force, as shown in Fig. 1 , we obtain the bound 2 − state which is one of the doublet states with s 1/2 (valence neutron)⊗3/2 − ( 9 Li) just below the threshold. A doublet partner, 1 − , is also expected to exist around the threshold. In fact, when we strengthen the 9 Li-n interaction by increasing δ, we can find a bound state solution of 1 − , as shown in Fig. 2 . Therefore, it is confirmed that in the case of HN no. 1 the s 1/2 -orbital neutron is obtained as a barely bound state. On the other hand, we obtain no bound states in the case of the MHN force whose δ parameter has been fitted so as to reproduce the 1 + energy at 0.42 MeV. As in the case of 1 − with the HN no. 1 force, a bound 2 − solution appears also in the MHN force case when we make the folding potential more attractive by changing δ from 0.157 to 0.162. These results indicate that the s-wave neutron has solutions near the threshold independently of the details of the effective interaction as long as the 9 Li-n potential is adjusted to obtain the resonance energy of the lowest 1 + state. Furthermore, the present coupled-channel results indicate that the 9 Li-n potential obtained by treating the pairing correlation in 9 Li is strong enough to bring about the s-orbital states near the threshold as virtual resonances or barely bound states.
As shown in Fig. 1 , the d-orbital neutron resonance states with total spins J π = 1 − , 2 − , 3 − and 4 − are obtained in the energy region higher than 4 MeV with respect to the threshold. The dominant component of these states is the d 5/2 -neutron orbital configuration coupled with the 3/2 − ground state of 9 Li. We clearly see that the resonance energies come down by about 3 MeV in comparison with the single-channel ones. This is caused by the increase of the strength of the 9 Li-n folding potential in the coupled-channel model and also by the fact that there are no Pauli-blocking effects on the d-orbital neutron. In the p 1/2 -orbital case, the increase of the potential strength compensates the repulsive effects due to Pauli blocking, and resultantly the coupled-channel model reproduces 1 + and 2 + states at resonance energies similar to those of the single-channel model. In contrast to this, in the d-orbital case, there remains an increase in the potential strength because there are no Pauli-blocking repulsive effects on the d-orbital neutron. In other words, the d-wave resonances do not strongly disturb the pairing correlation, and then their resonance energies result in a decrease by about 3 MeV, which just corresponds to the energy gain of the pairing correlation in 9 Li. Since the resonance energies (4-6 MeV) of the coupled-channel model become smaller than the single-channel model results (7-9 MeV), the resonance widths are obtained to be about half in comparison with the single-channel case. In a previous paper, 17) we argued that the d-wave solutions of the single-channel model do not explain the resonance observed at 4.47 MeV. 16) The present coupled-channel results suggest, as seen from Fig. 1 , the d-wave resonances as a candidate for the observed resonance, though the calculated width is larger than that seen in experiments.
Finally, we study the dependence of the results on the choice of matrix elements h ij ( 9 Li). As mentioned above, the matrix elements h ij ( 9 Li) determine the properties of the ground state of 9 Li. For the present study on the Pauli-blocking effect of the neutron pairing correlation in the 9 Li core of the 9 Li + n system, the most important factors are the correlation energy of the 9 Li ground state and the mixing probability due to the pairing interaction, which are expressed by E gr and α 2 1 , respectively, in the present model. When we change the pairing strength |G pair | by fixing the correlation energy E gr , we obtain the 1 + resonance state of 10 Li, whose energy and width exhibits a weak dependence on the pairing strength, as shown in Fig. 3 . This result indicates that the Pauli-blocking effect on the 9 Li-n interaction causing the 1 + resonance depends dominantly on the pairing correlation energy of the 9 Li core. On the other hand, the mixing amplitude of (0p 3/2 ) 2 ν (0p 1/2 ) 2 ν in the ground state wave function of 9 Li strongly influences the resonance width of the 1 + state. From Fig. 3 , we see that the width reduces as the mixing amplitude increases. This property of the decay width can be understood from the fact that the Pauli-blocking effect gives a smaller overlap of the 9 Li core wave functions at the interaction distance and the asymptotic distance between 9 Li and the neutron because of the decrease of the (0p 3/2 ) 2 ν (0p 1/2 ) 2 ν amplitude in the interaction region of 9 Li and the neutron.
Pauli-blocking effects of the (1s 1/2 ) 2 -pairing amplitude on s 1/2 -orbital neutron states
Here, we investigate the Pauli-blocking effects on the s 1/2 -neutron states in more detail. Within the two-channel approximation, the presence of the s 1/2 -orbital neutron does not disturb the pairing correlation in the 9 Li ground state, since the ground state is described as the superposition of the two configurations {(0p 3 
} were mixed in the 9 Li-core ground state, the Pauli-blocking arguments are needed for study of the s 1/2 -orbital resonance. This should be checked more carefully through calculations of the coupled-channel model, including the component of the (1s 1/2 ) 2 ν,J=0 -pairing configuration. Therefore, we express the 9 Li core in 10 Li by three components as
where Φ(c0), Φ(c1) and Φ(c2) are given in Eq. (2 . 2). Then the 10 Li nuclear states are described by the three corresponding channels. Here, we chose a slightly larger pairing-interaction strength |G pair | in order to keep a (0p 1/2 ) 2 ν -amplitude (α 1 ) of ∼ 25%, similar to that obtained in the two-channel case. The matrix elements h 02 and h 12 between (1s 1/2 ) 2 ν of the halo neutrons and (0p 3/2,1/2 ) 2 ν of the core neutrons are assumed to reduce to approximately half of the ordinal matrix elements between the core neutrons. The unperturbed energy ∆ corresponding to the · s splitting is taken to be the same as the two-channel case. For ∆ , we have assumed that the unperturbed s-orbital energy is very similar to the p 1/2 -orbital energy.
The result obtained by using the HN no. 1 force with δ = 0.2415 is shown in Table II . We can see that the three-channel calculation gives a result which is very similar to that of the twochannel model calculation without the (1s 1/2 ) 2 ν configuration. The value of δ, 0.2145, is close to δ = 0.245 for the two-channel case. This result indicates that the repulsive effect of Pauli blocking does not change significantly in the p 1/2 -orbital solutions (1 + and 2 + ). On the other hand, we can find no solutions of the s 1/2 -orbital valence neutron in the present three-channel calculation. This result can be understood from the repulsive effect of the s 1/2 -orbital valence neutron due to Pauli blocking on the (1s 1/2 ) 2 ν -pairing component in 9 Li. In fact, when we increase the δ value to adjust the strength of the folding potential, we obtain the 2 − bound solution at δ = 0.25, as shown in Fig. 4 , whereas the 2 − bound state appears at δ = 0.23 in Fig. 2 of the two-channel calculation result. This means that the repulsive effect on the s 1/2 -orbital neutron due to Pauli blocking is compensated by increasing δ from 0.23 to 0.25. However, this increase is very small in comparison with the case of p 1/2 -orbital solutions, as discussed above.
Therefore, we can conclude that the Pauli-blocking effect on the state of the sorbital neutron is much smaller than that in the p-orbital neutron. This small Pauliblocking effect on the s-orbital neutron is understood from the strikingly spatially- extended property of the s 1/2 -neutron wave function and the small overlap between such a valence neutron wave function and the rather compact wave functions of the 9 Li-core neutrons. §4. 9 
Li-n interactions for p-, s-and d-waves
In this section, we discuss the 9 Li-n interaction in the coupled-channel model, where the Pauli-blocking effects on the valence neutron orbit due to the presence of the J π = 0 + neutron pairing correlation in the 9 Li core are properly taken into account. As mentioned in the previous section, the present coupled-channel model reproduces the p-wave resonances observed in the low energy region of 0.4-0.8 MeV, and the s-wave coupled-channel solutions are obtained near the threshold as barelybound or anti-bound states (i.e. virtual resonances). The d-wave solutions under the same conditions are obtained in the energy region of 4-6 MeV, lower than the single-channel results by ∼ 3 MeV. Although the effects of the Pauli blocking on the 9 Li-n interaction have been explained in the previous sections, here we demonstrate them more explicitly in the potential form for p-, s-and d-wave neutrons.
The lowering of the s-and d-wave solutions in the coupled-channel model implies that the effective 9 Li-n potential for s-and d-waves is more attractive in comparison with the effective potential for the p 1/2 -wave neutron. As explained above, Pauli blocking ascribed to the appearance of the p 1/2 -orbital neutron breaks the pairing correlation in the 9 Li core in the interaction region of the 10 Li (= 9 Li + n) system and makes the internal energy increase. Since the energy gain of the 9 Li ground state due to the pairing correlation is estimated to be about 3 MeV, the energy loss of the pairing correlation due to Pauli blocking is thought to be the almost same amount. We attempt to express the effects of Pauli blocking as a sort (∆V Pauli ) of repulsive potentials.
To estimate this repulsive potential, we perform the coupled-channel calculations for the p-wave resonances in cases with and without Pauli blocking, which have been performed by solving Eq. (2 . 12) with and without the additional projection operator of |0p 1/2 0p 1/2 |, respectively. Of course, the former calculation was done in previous sections. The latter solutions in cases without Pauli blocking have been found to be the same as those found in our previous paper, 17) because the folding potential for the 9 Li-core configuration of (0p 3/2 ) π (0p 3/2 ) 4 ν,J 1 =0 is the same as that for the pairing
. The two calculations have been done so as to fit the same experimental data of the p 1/2 -wave resonance with J π = 1 + at 0.42 MeV by adjusting the folding potential through changing the parameter δ. In the case without Pauli blocking, the effective potential is nothing but the folding potential V S of the single-channel model. In a similar way, we adjust V S for the s-and d-orbital neutrons so as to reproduce the energies of the s-and d-orbital 2 − states, respectively, obtained by the coupledchannel calculation with Pauli blocking. Therefore, the effective 9 Li-n potential in the case without Pauli blocking is obtained state-dependently as V p S , V s S and V d S . On the other hand, in the case with Pauli blocking, the effective 9 Li-n potential V eff consists of two components of the folding potential V C of the coupled-channel model and the Pauli-blocking repulsive one, ∆V Pauli ; that is, V eff = V C + ∆V Pauli . In the sense that the two cases reproduce the same energy of the corresponding solutions, we regard the effective potentials to be approximately equal: V S ≈ V eff . Then, we obtain the Pauli-blocking repulsive potential by using the following relation:
In Fig. 5 , we display the obtained ∆V Pauli and the effective 9 Li-n potentials V eff for the p 1/2 -, s 1/2 -and d-wave neutrons. We see that the Pauli-blocking repulsive potential has a very large strength in the interior region between 9 Li and the p 1/2 -wave neutron, but a very small and negligible contribution to the s-and d-wave neutrons, respectively. This result is consistent with the discussion regarding the Pauli-blocking effects in the previous sections. Therefore, we can summarize the effective potential for the low-lying resonances in 10 Li (= 9 Li + n) as
This is the new view extracted from the coupled-channel model studies; that is, the p 1/2 -orbital resonances are pushed up due to the Pauli-blocking repulsive effects by an amount equal to the energy loss due to the breaking of the pairing correlation. Therefore, for the case of larger correlation energy, a larger energy loss results and a stronger repulsive effect is produced. We can see this situation from Fig. 5 (b) , where the pairing correlation energy dependence of the Pauli-blocking repulsive potentials ∆V Pauli is shown for the 1 + states calculated by the two-channel model with fixed energies E gr = −2.25, −3.25 and −4.25 MeV of the 9 Li ground state. These just correspond to the pairing correlation energies.
As for the lowering of s-and d-waves, many phenomenological discussions have been made. In such studies, the parity-dependent 9 Li-n interaction is assumed to be a more attractive for s-wave (positive-parity) states than for p-wave (negativeparity) states. Aoyama et al., 32), 33) including two of the present authors (Katō and Ikeda), discussed such parity-dependent potentials for 9 Li-n and its mirror 9 C-p, and also 10 Be-n and 10 C-p. For the former, the parity-dependent 9 Li-n potential yields results for p-and s-wave states in 10 Li very similar to those of the present microscopic coupled-channel model. It was also shown 32) that the anti-bound s-wave state in the 9 Li-n potential appears as a resonance in the 9 C-p state due to the additional Coulomb potential barrier. These discussions indicate that the property of the 9 Li-n interaction can also be provided from an experimental study of the 10 C nucleus. The present study gives a theoretical background basis for such a parity dependence in the 9 Li-n interaction, as shown by Eq. (4 . 2) .
On the other hand, the inversion problem of p-and s-orbits in the Be-isotope region has been studied from the point of view that the s-d coupling with the deformation of the core nucleus plays the most important role for parity inversion. 21), 34) However, the deformation in 9 Li is thought (even if existing) to be very small, as seen in the experimental quadrupole moment. In the present study, the s-d coupling term due to the quadrupole moment of the valence proton in 9 Li is involved in the folding potential, as shown by Eq. (2 . 15). We have treated these couplings throughout the calculations of the present paper. Here, it is enough to say that the contributions of the quadrupole tensor coupling to the energies of the neutron s-orbital states are negligibly small, for example, 0.01 MeV for the lowest 2 − state. This quadrupole tensor term brings about the p-f coupling for 1 − and 2 − states. The contributions to the energy are estimated to be again the order of 0.01 MeV. §5. Summary and conclusion
We here discussed the problem why the positive-parity orbital states appear in the low energy region where the low-lying negative parity orbital resonance states exist in 10 Li. A new idea for solving this problem was proposed on the basis of the Pauli-blocking effects on the J π = 0 + pairing correlation in the 9 Li core nucleus. To this time, in many theoretical studies of 10 Li and 11 Li employing the microscopic models of 9 Li + n and 9 Li + n + n, the ground state of the 9 Li core nucleus has been assumed to be described by a simple (0p 3/2 ) 4 ν -closed shell configuration. Although this simple assumption is attractive for practical studies of these microscopic few-body problems, we should note that such studies inevitably suffer the strong restriction that the important J π = 0 + pairing correlation due to the residual interaction is disregarded. In the present paper, we withdraw this restriction and treat properly not only the pairing interaction effects but also the Pauli-blocking effects on the 9 Li-n interaction by adopting the microscopic frame of the coupled-channel orthogonality condition model developed in §2.
Our coupled-channel formalism gives the asymptotic wave function of 9 Li as a superposition of {(0s) 4 (0p 3/2 ) 1 π (0p 3/2 ) 4 ν,J=0 } + {(0s) 4 (0p 3/2 ) 1 π (0p 3/2 ) 2 ν,J 1 =0 (0p 1/2 ) 2 ν,J 2 =0 } +{(0s) 4 (0p 3/2 ) 1 π (0p 3/2 ) 2 ν,J 1 =0 (1s 1/2 ) 2 ν,J 2 =0 } + · · ·, by which the J π = 0 + pairing correlation is taken into account properly. The mixing amplitude of these configurations in the asymptotic region is determined so as to be the same as the isolated 9 Li nucleus mixing amplitudes. In this paper, we parameterized the mixing amplitudes of the (0p 1/2 ) 2 ν and (1s 1/2 ) 2 ν occupied configurations which are coupled with the dominant (0p 3/2 ) 4 ν configuration, referring to the results of the Cohen-Kurath shell model calculations for 9 Li. First, assuming the two-channel model for 9 Li + n, we studied the spectroscopy of 10 Li. The results reproduce the p-orbital neutron resonances (1 + and 2 + ) in the low energy region of 0.4-0.8 MeV corresponding to the observation of Bohlen et al., 16 ) and the neutron s-wave solutions near the threshold as virtual resonances or barely-bound states. Furthermore, the d-wave resonance states are obtained in the energy region of 4-6 MeV, lower than the single-channel results by ∼ 3 MeV. These results do not change essentially even if we take into account many other pairing configurations in addition to the (0p 3/2 ) 4 ν plus (0p 3/2 ) 2 ν (0p 1/2 ) 2 ν of the two-channel model for the 9 Li core. We checked this by performing the three-channel calculation including the (0p 3/2 ) 2 ν (1s 1/2 ) 2 ν configuration. In comparison with the single-channel model without consideration of the pairing correlation in the 9 Li core, the coupled-channel calculations show that the energies of s-and d-wave neutron states decrease relative to the p-wave states. We argued that this lowering of the positive-parity orbital states of the valence neutron in 10 Li can be ascribed to the Pauli-blocking effects on the (0p 1/2 ) 2 ν pairing configuration in the 9 Li-core wave function. The pairing correlation in 9 Li strongly mixes the (0p 3/2 ) 2 J 1 =0 (0p 1/2 ) 2 J 2 =0 configuration with the neutron sub-closed (0p 3/2 ) 4 configuration. Such a pairing correlation experiences Pauli blocking by the appearance of the p 1/2 -orbital neutron in the 9 Li+n system, whereas the neutron of other orbits such as 1s 1/2 and 0d 5/2 experiences very weak or negligible repulsive effects. Through this discussion, we can conclude that the Pauli-blocking effect on the p 1/2 -orbital valence neutron is caused by the loss of the pairing correlation energy in the 9 Li ground state.
Such effects of Pauli blocking can also be seen in the calculational results of resonance widths. The coupled-channel model improves the decay widths of the p 1/2 -orbital neutron 1 + and 2 + states calculated in the single-channel model, and the resultant decay widths fully explain the experimental data. 16) Although the dwave resonances calculated in the coupled-channel model still have large decay widths in comparison with experiments, the 4 − state seems to correspond to the observed resonance at 4.47 MeV. 16) These results indicate that the present coupled-channel model is highly reliable for description of the pairing correlation in the 9 Li core and the Pauli-blocking effect in the 10 Li (= 9 Li + n) system. Furthermore, we have investigated such effects of Pauli blocking on the pairing correlation in the 9 Li core in the form of the 9 Li-n potential. The obtained effective 9 Li-n potential has a strong state dependence which is caused by the state-dependent repulsive property due to Pauli blocking for the pairing correlation. These repulsive potential terms in the effective 9 Li-n interaction caused by the Pauli-blocking effect raise the energies of the p-wave states around the energy of the s-orbital states, which comes down due to the extremely small binding energy. Although, in order to explain the parity-inversion phenomenologically, the parity-dependent 9 Li-n potential has been used for 9 Li + n 32), 33) and 9 Li + n + n 35) models, it is very interesting to study the 9 Li + n + n system by using the present 9 Li-n potential which has the strong parity-dependence caused by the Pauli-blocking effects on the pairing correlation in the 9 Li core.
